The objective of this study was to determine how no-till and conventional tillage affected microbial properties of soil quality, using permanent grass fields as a standard of local high-quality soils. Agricultural fields in South Dakota were matched within soil type and location so that each set contained one field managed in permanent grass cover, one managed for annual crops using conventional tillage, and one managed for annual crops using no-till. Microbial biomass and activities, particularly those related to nitrogen and phosphorus availability were examined in 0-15 cm soil samples. Most measures of microbial activity were similar in the two annually cropped management systems but less than under permanent grass. Soils managed under permanent grass contained approximately 160% greater labile carbon and 50% greater microbial biomass, and supported approximately 150% greater dehydrogenase enzyme activity, 50% greater respiration, and 180% greater acid phosphatase activity, than no-till and conventionally tilled soils, which were similar in these measures. Grassed soils also mineralized 460% greater N under anaerobic conditions and 80% greater N under aerobic conditions, while potential nitrification was 25% greater on average than cropped soils. Mycorrhizal fungi colonized 76% of observed root segments under grass, 63% under no-till, and 55% under conventional tillage. Among the suite of tests in this study, only alkaline phosphatase activity and C mineralized in 12 days were significantly different under no-till and conventional tillage, both greater under no-till. Crops grown in a no-till system may be expected to resist low available P as well as other stresses better than crops in conventionally tilled soils due to greater activity of alkaline phosphatase and marginally increased mycorrhizal colonization of roots. No-till management in central South Dakota has allowed enhancement of readily mineralizable C and alkaline phosphatase activity.
Introduction
Most arable land in South Dakota has been managed using intensive tillage since the beginning of the twentieth century or earlier. Few productive sites have been left undisturbed, but some have been used for permanent perennial grass pastures rather than annual crop land. Severe soil erosion and USDA conservation requirements have led to widespread adoption of reduced tillage methods in the last quarter of the 20th century. At the current time, chisel and disk tillage are common and have replaced the moldboard plow as primary tillage on many farms. In the past 20 years no-till or direct seeding methods have gained interest for their potential to further reduce soil erosion, fuel and labor costs, and equipment wear. Many studies show that reduced and no-till systems increase aggregate stability and reduce erosivity in the susceptible surface layer (Kladivko et al., 1986; Bruce et al., 1995) .
Concomitant with the goals of erosion and cost reduction there is a growing belief that no-till systems benefit crop-enhancing soil biota. Soil-dwelling organisms can benefit crop production by releasing available forms of nutrients from soil organic and inorganic sources, fixing N within plant roots, increasing P uptake, and pathogen antagonism. Biotic soil quality factors in surface soil may be inversely related to tillage intensity (Angers et al., 1993) . Several studies have indicated that no-till increases soil microbial biomass C, total C, ratio of biomass C to total C (Granatstein et al., 1987; Angers et al., 1993) , and the activity of several soil enzymes (Dick, 1984; Pagliai and De Nobili, 1993) in the surface 5-7.5 cm, but these differences in activity between high-and low-intensity tillage treatments are commonly reversed in the subsurface. Other management factors such as crop rotation often have a more dramatic effect on soil biotic factors throughout the Ap horizon (Dick, 1984 (Dick, , 1992 . In a study by Bergstrom et al. (1998) , soil enzyme activities were greater in no-till fields than conventionally tilled fields primarily where no-till soils were previously cropped to forages and conventionally tilled soils were cropped only to corn (Zea mays L.). In practice, farm fields differing in tillage systems will often also differ in cropping system, residue management, fertilization, etc. offering a systems comparison rather than a component analysis.
Our objective was to determine whether conversion to no-till increased general and nutrient-related microbial properties of soil quality over the common local reduced tillage methods, using permanent grass fields as a standard of local high-quality soils.
Materials and methods
Matched fields were identified at 11 sites in central South Dakota, in the upper Missouri River basin (Fig. 1) . Each set included one field managed in permanent grass, one in row crops using no-till or direct seeding, and one in row crops using conventional tillage. Each field was in its current management system for a minimum of 6 years. Grass fields were used for pasture or hay production from bromegrass (Bromus spp.), wheatgrass (Agropyron spp.), and/or bluegrass (Poa spp.). Most grass fields were never tilled but were seeded to change species composition and increase biomass production. Conventional tillage fields were usually chisel plowed to 7-20 cm depth as primary tillage with tandem disk as secondary tillage. Within each set, the three fields were in close proximity (within 4.3 km) with similar soil profile (same soil series) and landscape position. Soils at all sites had an ustic moisture regime. Sites 1-8 were Mollisols ranging in texture from fine sandy loam to silty clay loam. Sites 9-11 were Vertisols ranging in texture from silty clay to clay (Table 1) . Crop rotations in no-till and tilled fields were similar and representative of local systems, but in many cases not identical. Rotations commonly included soybean (Glycine max [L.] Merr.), corn, sunflower (Helianthus annuus L.), and small grains particularly wheat (Triticum aestivum L.). Fields were sampled in August 1998 and 1999 to a depth of 15 cm. Within each field four areas of 100 m 2 were selected for similarity and uniformity of topography and soil type. In 1998 four subsamples were composited and in 1999 two subsamples were composited by vertical coring with a small hand trowel in each of four selected areas per field. The four composite samples per field were stored at field moisture at 4 • C until analyses. Samples were sieved to 2 mm and visible organic matter was removed before analyses.
Mineralizable C (MinC) was determined with field moist soil (5 g dry weight) placed into 50 ml vials, brought to 50% water-filled pore space, capped with septa, and incubated 12 days at 25 • C in darkness. At the end of 12 days, total CO 2 released was measured using a Varian 3700 gas chromatograph (Varian Inc., Walnut Creek, CA) with Porapak Q packed column and thermal conductivity detector (Davidson et al., 1987) . Vials were uncapped and incubated overnight at 25 • C, then recapped for 2 h, and CO 2 concentration of headspace was measured again to determine basal respiration rate. Substrate induced respiration (SIR) was subsequently measured using the same soil samples, following an addition of nutrient solution recommended by Smith et al. (1985) , rather than glucose solution. Vials were uncapped and incubated at 25 • C overnight, then 0.25 ml of nutrient solution was added, containing 20 g nutrient broth, 4 g K 2 HPO 4 , 1 g KH 2 PO 4 , 0.5 g MgSO 4 ·H 2 O, 90 g glucose, and 20 g NH 4 NO 3 l −1 . Moisture content of samples for SIR was approximately 60% water-filled pore space. Vials were capped for 2 h, and CO 2 concentration of headspace measured again. Substrate induced respiration in l CO 2 g −1 soil h −1 ×40.4+0.37 was used to estimate g microbial biomass C g −1 soil (Anderson and Domsch, 1978) .
Dehydrogenase activity was measured using a colorimetric procedure involving reduction of triphenyl tetrazolium chloride to triphenyl formazan . Reduced products were extracted with methanol, centrifuged, and the supernatant's absorbance was read at 490 nm with a microtiter plate-scanning spectrophotometer, Dynatech MR5000 (Dynatech Laboratories Inc., Chantilly, VA). Monophosphoesterase (phosphatase) activity was measured in soil solution buffered at pH 6.5 (acid phosphatase) and pH 11 (alkaline phosphatase) with disodium p-nitrophenol phosphate as enzyme substrate . Samples were incubated 1 h at 37 • C. Control tubes were not supplied with disodium p-nitrophenol phosphate until after incubation. Quantity of p-nitrophenol released by enzyme activity in test tubes and non-enzymatic yellowing of solution in control tubes was measured by spectrophotometer absorbance at 405 nm. Control was subtracted from both acid and alkaline enzyme activity estimate for each soil. Respiration and enzyme analyses were performed in quadruplicate for each field.
Initial soluble N was extracted from 5 g soil samples in 40 ml of 1 M KCl. Anaerobic N mineralization was measured in 5 g soil samples incubated 7 days at 35 • C in 20 ml deionized water, sealed under N 2 gas (Drinkwater et al., 1996) . Vials were extracted with 20 ml of 2 M KCl. Potential nitrification and aerobic N mineralization were measured in 8 g soil samples incubated 21 days at 35 • C with 60% total water-filled pore space (Schmidt and Belser, 1994) . Samples tested for potential nitrification were amended prior to incubation with 160 g g −1 NH 4 -N as (NH 4 ) 2 SO 4 . Vials were extracted with 1 M KCl. All NO 3 and NH 4 determinations were made using an Alpkem autoanalyzer (O.I. Corp., College Station, TX). Soluble N (NH 4 + NO 3 ) at the end of incubation minus soluble N prior to incubation was used to determine aerobic or anaerobic N mineralization. Nitrate present in incubated soils amended with (NH 4 ) 2 SO 4 was considered potential nitrification. Nitrogen incubation tests were performed in duplicate or quadruplicate as needed to clarify observations on field composite samples. Soil pH was measured with a glass electrode from 5 g soil in 10 ml 0.01 M CaCl 2 (Watson and Brown, 1998) . 
a MinC, 12 days mineralizable C; respiration, soil respiration rate; SIR, microbial biomass by substrate induced respiration; Dehyd-ase, dehydrogenase activity.
Composite soil samples taken in 1999 were used for assessment of mycorrhizal roots. Samples from sites 3, 4, and 11 in 1999 were not analyzed due to the absence of fresh roots in some fields at these sites at the time of sampling in August. Roots were removed from soil, soaked in water overnight, then cleared in 60 • C 1.8 M KOH for 10 min. Fungal tissues were stained with 0.66 g l −1 trypan blue in lactoglycerol made of 1:1:1 lactic acid, glycerin, and water, then destained in lactoglycerol without trypan blue. Mycorrhizal fungal colonization was assessed under light microscope using the method of Allen and Allen (1980) . Three composite root subsamples were assessed from each composite field soil sample, using 30 observation points on each composite root subsample.
Data were analyzed using Systat 9 (SPSS Inc., Chicago, IL). Treatment and site means were compared using paired t-tests of tilled and no-till treatments.
Results
The suite of respiration tests MinC, respiration, and SIR, as well as dehydrogenase activity, acid and alkaline phosphatase, and anaerobic N mineralization clearly differentiated soils under either tillage system with annual cropping from soils under permanent grass. Soils under permanent grass contained greater labile carbon and support greater microbial biomass and activities than annually cropped soils regardless of tillage regime (Tables 2 and 3) .
Most measures did not differentiate tilled and no-till soils (Tables 2 and 3) . Soil respiration rate, SIR, dehydrogenase activity, soil pH, anaerobic N mineralization, and acid phosphatase were similar in both tillage Table 3 Mean (±S.E.) and t-test (no-till vs. tilled) of nitrogen mineralization and nitrification rates, phosphatase activity, and mycorrhizal colonization in soils under permanent grass, conventional tillage, and no-till in South Dakota 
a Anaerobic N, anaerobic N mineralization; Aerobic N, aerobic N mineralization; Potential Nit, potential nitrification; AcidP-ase, acid phosphatase; AlkP-ase, alkaline phosphatase; Mycorrhizae, mycorrhizal colonization (% mycorrhizal root segments). a MinC, 12 days mineralizable C; respiration, soil respiration rate; SIR, microbial biomass by substrate induced respiration; Dehyd-ase, dehydrogenase activity; AcidP-ase, acid phosphatase; AlkP-ase, alkaline phosphatase; Anaerobic N, anaerobic N mineralization; Aerobic N, aerobic N mineralization; Potential Nit, potential nitrification; Mycorrhizae, mycorrhizal colonization.
b Not significant at P = 0.05. * P < 0.05. ** P < 0.01. regimes. However, marginal improvement was evident in no-till soils with 56% greater aerobic N mineralization and 25% greater potential nitrification than in conventional tilled soils. Mycorrhizal colonization in roots of grass fields was 76%, 63% in no-till fields, and 55% in tilled fields (Table 3) , though the difference between tilled and no-till fields was not significant. Only MinC and alkaline phosphatase were significantly different between no-till and tilled soils. Carbon mineralized in a 12 days incubation was 55% greater in soils managed under no-till than conventional tillage (Table 2 ). Alkaline phosphatase activity was 71% greater in no-till than tilled soil (Table 3) .
Many of these soil biological measures were correlated. Notably, MinC and respiration were significantly correlated with most other biological properties, while soil pH was not significantly correlated to any biological property (Table 4) . Alkaline phosphatase activity was correlated to several other measurements but not to soil pH or acid phosphatase activity (Table 4) . However, alkaline phosphatase activity was predicted well by soil pH and acid phosphatase activity (r 2 = 0.66) ( Table 5 ). Including soil management in the analysis increased correlation to r 2 = 0.76. Soil pH was not affected by management system (Table 2 ) and had only a weak positive correlation with alkaline phosphatase and a weak negative correlation with acid phosphatase (Table 4) .
Discussion
Potential benefits of increased microbial biomass and activity are numerous. They include increased soil aggregate formation and stability, enhanced plant litter decomposition, increased nutrient cycling and transformations, slow-release storage of organic nutrients, and pathogen control. Additionally, microbial plant symbionts such as mycorrhizal fungi directly improve plant nutrient supply, stress tolerance, and productivity. A larger stable microbial population and greater activity may indicate greater soil quality (Turco et al., 1994) .
Only MinC and alkaline phosphatase clearly differentiated no-till and till soils in the surface 15 cm. Collins et al. (2000) also found that MinC accumulated at 0-20 cm under no-till, and showed that C mineralized in short-term incubations was derived primarily from recent crop residues. No-till management may allow MinC to build by reducing oxidation in the traditional plow layer.
Greater phosphatase activity has been observed previously in no-till than in conventionally tilled soil (Pagliai and De Nobili, 1993) , particularly in fine textured soils (Bergstrom et al., 1998) and in upper surface soil layer from 0 to 7.5 cm (Dick, 1984; Angers et al., 1993) . Dick (1984) observed greater acid phosphatase in both no-till soils but greater alkaline phosphatase in only one of two no-till soils than in tilled soils. Differences in acid and alkaline phosphatase between treatments and soils were closely related to soil organic C and pH. At these sites total organic C differentiated grass and cropped soils, but not tilled and no-till soils (Schumacher et al., 2000) . Alkaline phosphatase was only weakly correlated to soil pH (r = 0.45, Table 4 ) and pH was not affected by tillage (Table 2) , but did contribute significantly to regression analysis of alkaline phosphatase (Table 5) .
No-till soils become stratified with greater organic matter, N mineralization potential, microbial biomass, respiration and enzyme activities near the soil surface and often lower measures of these properties in the shallow subsurface (Doran, 1980; El-Haris et al., 1983; Dick, 1984; Carter, 1986; Angers et al., 1993; Franzluebbers et al., 1994) . From the 0-15 or 0-20 cm plow layer, no-till and tilled soils are usually similar. It is unknown whether stratification of organic matter and microbial activities affects overall biological functioning of the soil, including biological nutrient availability.
Mycorrhizal roots were moderate to numerous in all treatments. Mycorrhizal colonization in no-till fields was intermediate to grass and tilled fields and more variable. Previous work has often found an inverse relationship between mycorrhizal colonization of roots and tillage intensity, although the relative increase in colonization may be temporary and appears to have little benefit on crop yield in a P-fertilized system (Mulligan et al., 1985; Miller, 1993, 1996) . Mycorrhizal colonization and responsiveness is also related to plant growth stage and crop species or variety (Hetrick et al., 1996) , which can interact with tillage intensity and soil compaction (Mulligan et al., 1985; McGonigle and Miller, 1993) . Therefore caution must be used in attributing differences in mycorrhizal colonization in working fields to tillage differences alone.
A number of other studies have shown greater differences in various biotic measures between no-till and tilled soils. In our study of working agricultural production fields many factors may have reduced the likelihood of significant differences between no-till and tilled soils. South Dakota is subjected to high winds and ustic moisture regime that create great potential for wind erosion. In order to reduce wind erosion and comply with conservation practices required for USDA programs, tillage intensity even in conventionally managed fields has declined in recent decades. Tilled fields in this study were normally chisel plowed and disked, not subjected to moldboard plow. Therefore the difference in tillage intensity between no-till and tilled treatments was not as great as in other studies that have compared no-till and moldboard plow treatments. Angers et al. (1993) observed greater differences in microbial biomass, water-soluble carbohydrates, and alkaline phosphatase activity between moldboard plow and chisel plow than between chisel plow and no-till. In most soil biological responses no-till and chisel plow treatments were similar, and both greater than moldboard plow. El-Haris et al. (1983) observed greater N mineralization potential in spring samples from no-till and chisel plowed soil than in moldboard plowed soil. These contrast the findings of Karlen et al. (1994) that chisel and moldboard plowed soils were similar and lower than no-till in microbial biomass, respiration, ergosterol, and aggregate C at 0-20 cm depth.
Changes in tillage are often accompanied by changes in crop rotation, cultivars, timing, or other factors that may also affect soil properties. Dick (1992) suggests that plant production and diversity may have a greater effect on soil microbial activity and diversity than reduced tillage where crop diversity remains low. Because in real systems tillage regimes are associated with vegetation and management histories, these effects cannot be entirely separated. Tilled and no-till soils of South Dakota were similar in most microbial properties as well as in cropping system, but both supported lower microbial biomass and activity than soils managed under permanent grass with no soil disturbance.
Conclusion
Measures of soil biotic properties in the traditional plow layer of South Dakota soils suggest that no-till soils are intermediate to grass and tilled soils, but no-tilled soils are still more similar to their tilled counterparts than to soils maintained under permanent grass. Recovery of soil quality from intensively tilled and/or degraded conditions may be accompanied or indicated by increase in microbial properties that are often correlated with total or labile soil carbon. The large difference between grassed soils and cropped soils may be due to the constant presence of vegetation and roots of permanent grass. The marginal differences between no-tilled and tilled soils may be due to the continuing advancement of conventional tillage regimes in South Dakota toward conservation tillage. In addition, the ustic moisture regime in this region may hinder soil carbon accumulation and thereby slow any increase in microbial properties under no-till.
